A new method to measure the carrier-envelope phase (CEP) of a strong few-cycle laser pulse is introduced. The new concept relies on above threshold ionization (ATI) in circularly polarized laser fields and allows for CEP tagging every single laser pulse generated in few-cycle laser systems at multi-kHz repetition rates. The implementation of the new method is described and discussed quantitatively. It is shown that the introduced circular-polarization phase-meter may offer a series of advantages over existing CEP-tagging schemes based on ATI in linearly polarized laser fields. 
15. G. G. Paulus, F. Grasbon, H. Walther, P. Villoresi, M. Nisoli, S. Stagira, E. Priori, and S. De Silvestri, "Absolutephase phenomena in photoionization with few-cycle laser pulses," Nature 414, 182-184 (2001). 16. P. Dietrich, F. Krausz, and P. B. Corkum, "Determining the absolute carrier phase of a few-cycle laser pulse,"
Opt. Lett. 25, 16-18 (2000) . 17. G. G. Paulus, F. Lindner, H. Walther, A. Baltuka, E. Goulielmakis, M. Lezius, and F. Krausz 
Introduction
The development of laser sources producing strong near single-cycle pulses in the nearinfrared [1] and infrared [2] has led to great advances in strong field physics. In particular, it has allowed for resolving electron dynamics on sub-femtosecond time scales [3] , thus marking the advent of time-domain attosecond physics [4] . The electric field of a short laser pulse propagating in z-direction can be described as
where E 0 is the field amplitude, ε the ellipticity, ω the carrier frequency, τ the pulse duration, and φ the CEP. In the few-to single-cycle regime, the value of the CEP strongly affects the temporal shape of the electric field and the knowledge of the CEP becomes essential to fully characterize the laser pulse. Apart from intrinsically CEP-stable optical parametric chirped-pulse amplification systems in the infrared [2, 5] , for which the CEP was demonstrated to remain stable over many hours without the need of any active stabilization [6] , the generation of strong CEP-stable few-cycle pulses relies on CEP stabilization of the seed pulses [7] [8] [9] [10] [11] [12] . The CEP of the amplified CEPstable seed pulses undergoes slow drifts that can be eliminated with an additional slow feedback loop [13] . Active CEP stabilization of the seed pulses, however, introduces instabilities in the oscillator, which limits stable operation to a few hours and hampers CEP-resolved measurements of low count-rate processes. A solution to this problem is to measure the CEP instead of stabilizing it. If the amplifier is seeded with non-phase stabilized pulses, however, the CEP of the amplified pulses is randomly distributed and has to be determined for every single laser shot.
The idea of using ATI [14] of noble gas atoms in linearly or circularly polarized laser fields to perform CEP measurements was proposed a decade ago in Refs is a periodic function of the CEP with period 2π. In the first approximation it has the form A(φ ) = a cos(φ + φ 0 ), where a is the asymmetry amplitude, φ the CEP and φ 0 an unknown but constant CEP offset value. Because A(φ ) is not a bijective function, the CEP cannot be determined unambiguously from the measurements of a single asymmetry A(φ ). An unambiguous determination of the CEP is possible, though, if two phase shifted CEP-dependent asymmetries A x (φ ) = a x cos(φ + φ 0x ) and A y (φ ) = a y cos(φ + φ 0y ) can be measured simultaneously for each laser pulse. Plotting A y versus A x results in a parametric asymmetry plot (PAP) [18] . The one to one relation between the CEP φ and the polar angle θ parametrizing the PAP can easily be determined from the knowledge that the CEP of a non-phase-stabilized amplified laser pulse is uniformly randomly distributed [26] . In the stereo-ATI phase-meter, the two phase shifted asymmetries A x and A y are measured in two separate regions of the high-energy part of the electron's kinetic-energy spectrum, i.e. in the so called rescattering plateau [27] . In this part of the spectrum, where the asymmetry is the most pronounced [28], the CEP offset φ 0 in A(φ ) is increasing with the kinetic energy of the electron, providing the required phase shift between the two CEP-dependent asymmetries.
In contrast to the stereo-ATI phase-meter, the proposed circular-polarization phase-meter (CPP-meter) does not rely on the rescattering process. Instead, it takes advantage of the CEP-depend emission-direction of electrons ionized in circularly polarized laser pulses. While it makes a more efficient use of the ionization signal, the CPP-meter also eliminates the need for electron TOF-spectra measurements, which should make it a robust, easy to implement and user-friendly device.
Principle and implementation of a circular-polarization phase-meter
In ATI with linearly polarized laser pulses, most electrons are emitted in the vicinity of a cycle maximum or minimum. Electrons ionized just before and just after the cycle maximum or minimum are emitted in opposite directions along the laser polarization axis. Since the intensity envelope of the pulse changes only minimally across a single maximum or minimum of the field, the left-right asymmetry in the yields is very small. The trick employed in the stereo-ATI phase-meter is to restrict the yield measurement to the high-energy region of the photo-electron spectrum. In this region that constitutes the rescattering plateau, only electrons emitted just after the maximum (or minimum) of a laser cycle contribute to the yield. Electrons emitted with opposite momenta in the rescattering plateau were thus ionized in different half cycles. Since the intensity envelope of a few cycle pulse undergoes significant changes within half a laser period, the left-right asymmetry in the yield of electrons is dramatically enhanced in the rescattering plateau. While the build-up of the rescattering plateau requires rather high laser intensities, the 'useful' rescattered electron signal represents, however, only a tiny fraction of the total ionization yield.
The new scheme makes use of circular polarization to obtain similar high asymmetry amplitudes as in the stereo-ATI phase-meter, but without the need to restrict the measurement to a small fraction of the ionization yield. Electrons ionized in a strong circularly polarized laser field are preferentially emitted in the polarization plane. In strong field approximation (SFA), i.e. when the interaction of the electron with its parent core is neglected after ionization, the final electron momentum is perpendicular to the direction of the electric field at the moment of ionization (SFA was shown to work very reliably for systems with a short-range binding potential [29] [30] [31] ). Electrons emitted in opposite (±) directions therefore originate from different half cycles. As in the case of rescattered electrons, this leads to high asymmetries in the corresponding yields Y ± . It can be seen from Eq. (1) , that the CEP of a circularly polarized laser pulse coincides with the angle of the electric field vector when the latter reaches its maximum absolute value at t = 0. In cases where SFA is valid and depletion of the target population is negligible, the direction θ of maximum asymmetry in the yields Y ± of ATI electrons is thus θ = φ − π/2. In this case, the absolute CEP is simply obtained by measuring the direction of maximum asymmetry. In general, however, the electron-core interaction as well as depletion effects can induce an additional CEP-independent shift θ 0 of the emission angle. Unless extra theoretical input is provided, the value of this shift is unknown, so that the measured CEPs are only determined up to a constant offset phase.
A design for a CPP-meter is proposed in Fig. 1 . Similar to the stereo-ATI phase-meter, nearinfrared few-cycle laser pulses (propagating along the z-axis of the coordinate system in Fig. 1 ) are focused into a gas cell at the origin of the coordinate system, where electrons are generated via strong field ionization of xenon atoms. Electrons leaving the gas cell through small openings are recorded by detectors placed in front of those openings. While in the stereo-ATI phase-meter electrons are detected on opposite sides of the gas cell along the x-direction, in the CPP-meter, two additional openings and electron detectors are added on either side of the gas cell along the y-axis. For each circularly polarized input pulse, four numbers, i.e. the yields N ±x and N ±y of electrons emitted in ±x and ±y directions, respectively, are recorded by the four detectors. The two CEP dependent asymmetries A x and A y in the yield of electrons emitted in ±x and ±y directions are calculated as A x = (N +x −N −x )/(N +x +N −x ) and A y = (N +y −N −y )/(N +y +N −y ), Fig. 1 . Sketch of a circular-polarization phase-meter. Few-cycle circularly polarized laser pulses (propagating along the z-axis) are focused into a cell (black circle) containing xenon gas (blue on the picture) and located in the center of a vacuum chamber (surrounding black square). Electrons (small black dots) generated in the laser focus (red disk) leave the gas cell through small openings situated on the left, right, top, and bottom of the cell and are registered by detectors (gray) placed in front of the openings. The measured electron yields N +x , N −x , N +y , and N −y are used to calculate the two asymmetries A x and A y .
respectively.
A direct advantage of the CPP-meter over the stereo-ATI phase-meter is that there is no need to record the electron's TOF anymore. This allows for a much simpler detection scheme, which does not require fast up-stream electronics since only four numbers i.e. the yields N +x , N −x , N +y and N −y have to be measured for each laser shot. Another advantage of the new method is that the phase shift α = φ 0y − φ 0x between the measured asymmetries A x and A y is only determined by the geometry of the apparatus. For the arrangement shown in Fig. 1 , α = 90 • and the PAP will thus have a nearly circular shape, independently of the laser intensity. This is in contrast to the stereo-ATI phase-meter, where the fact that α depends on several parameters (e.g. the particular regions considered in the rescattering plateau or the input pulse energy) [32] complicates somewhat the comparison of PAPs recorded under different experimental conditions.
Simulation of CPP-meter measurements
In order to demonstrate the feasibility of the new method, a CPP-meter measurement is simulated for realistic parameters. The laser pulses are described using Eq. (1). Circularly polarized pulses (ε = 1), with a duration of 4 fs (in the following, pulse durations refer to the FWHM of the intensity envelope) and a pulse energy of 12 μJ are calculated for 24 different CEP values φ =15 • , 30 • , ..., 360 • . The pulses are focused to a waist of 80 μm FWHM into the gas cell filled with 10 −3 mbar of xenon. The peak E 0 of the electric field amounts to 3.27 × 10 −2 a.u., which corresponds to an intensity E 2 0 = 3.73 × 10 13 W/cm 2 . The time dependent tunnel ionization rate of a xenon atom during the interaction with the laser pulse is calculated using the static field ionization rate of Tong and Lin [33] . Target depletion and focal volume averaging are taken into account in the calculations. Since the size of the openings in the gas cell is small compared to the Rayleigh range, the intensity variation along the propagation direction was neglected. After tunnel ionization the electrons are propagated as classical particles in the electric field of the laser and the Coulomb potential of the parent core. The trajectories are started at the exit of the tunnel with an initial velocity of zero. For each CEP, the expectation values for the number of detected electronsN ±x ,N ±y are obtained from the calculated yields of electrons emitted in a cone with an apex angle of 30 degree. The detection efficiency is accounted for by multiplying the yields with a factor 0.5. In order to mimic the effect of statistical fluctuations, 100 yields N ±x , N ±y are generated for each CEP from four Poisson distributions with expectation values N ±x andN ±y .
The simulated PAP and the corresponding CEP-resolved momentum distribution of ATIelectrons, projected along the x-axis are shown in Figs. 2(a) and 2(b) , respectively. In Fig. 2(a) , the blue points are obtained by calculating the asymmetries A x and A y using the Poisson distrib- uted random numbers N ±x , N ±y . The red points are obtained from the expectation valuesN ±x , N ±y . For the xenon gas pressure of 10 −3 mbar assumed in the simulation, the statistical error Δφ amounts to 2 degree. For a PAP with nearly circular shape, as in the present case, the statistical error of the CEP can be determined experimentally from the measured radius R and width ΔR of the PAP as Δφ = 2π ΔR/R [26]. For the parameters used in the calculation, the absolute CEP φ is related to the polar angle θ of the PAP via φ = θ +π/2−θ 0 , with θ 0 = 22.6 • . Deviations with respect to the above relation, i.e. systematic errors of the relative CEP are found to be smaller than 1.6 • . It was verified that a change of 4 percent in the pulse-energy shifts the angle θ by less than 0.5 • . It should be noted that in spite of those relatively small systematic errors, the measurement of accurate CEP-dependent ionization-yields requires the application of the renormalization procedure described in Ref.
[26] to determine the exact relation φ (θ ). The reason is that even small deviations of the asymmetry curves A x (φ ) and A y (φ ) from sine and cosine functions can significantly affect the measurement of CEP-dependent ionization yields [32] . Additional errors induced by slow drifts of the laser intensity can be reduced to a large extend by a frequent update of the renormalization procedure in the course of the measurement [32] .
Repeating the simulation for longer pulses (the peak intensity being kept fixed) shows that while the shape of the PAP remains close to circular, the PAP radius decreases from 0.65 (for pulse durations of 4 fs) to 0.35 and 0.15 for pulse durations of 5 and 6 fs, respectively. For a fixed xenon pressure in the gas cell, the statistical error in the CEP determination increases from 2 • (for 4 fs) to 5 • and 11 • for pulse durations of 5 and 6 fs, respectively.
The robustness of the method with respect to small deviations from perfect circular polarization was tested by repeating the calculations of Fig. 2 for an ellipticity ε = 0.93. While the PAP becomes slightly elliptical (with a ratio of major to minor axis of 1.05), such a 7 percent variation in ε does not significantly affect the results: the statistical errors remain essentially unchanged while the systematic error slightly increases to 1.9 • .
In order to investigate the dependence of the CEP measurement on the pulse energy, the calculation of Fig. 2 was repeated for 9 equidistant values of E 2 0 = 1.5 × 10 13 W/cm 2 , ..., 7.3 × 10 13 W/cm 2 . The result of the calculation is presented in Fig. 3(a) , where points corresponding to the same CEP are plotted using the same color for better readability. It can be seen that the asymmetry and thus the radius R of the PAP decrease with increasing intensity, and that the value of the angle θ 0 is also intensity dependent. The reason for the shift θ 0 is the Coulomb interaction. This is demonstrated in Fig. 3(b) , where the same calculation was repeated using SFA. For the range of intensities considered here, θ 0 = 0 holds independently of the intensity. It should be noted, however, that this is not true anymore at higher intensities where target depletion becomes significant. In that case the maximum of the ionization yield is reached before the maximum of the laser pulse, which results in a finite shift θ 0 , even in the absence of electron-core interaction after ionization. Nevertheless, the calculations indicate that under conditions where depletion is negligible and SFA is a valid approximation, the absolute CEP could be inferred directly from the measured PAP angle θ .
Conclusion
In conclusion, a new way of performing single-shot CEP-measurements using ATI has been introduced and discussed quantitatively. Simulations indicate that the new approach, which relies on the use of circularly polarized laser pulses, may offer a number of advantages over the existing schemes that use linearly polarized pulses. One of the main assets of the proposed circularpolarization phase-meter is that it eliminates the need for electron TOF-spectra measurements, which should greatly simplify its implementation. In contrast to existing techniques, the electron signal in the CPP-meter is not restricted to a small fraction of the total ionization yield. The 10 to 100 fold higher efficiency in the use of the ionization signal may help to substantially reduce the statistical uncertainty of the CEP measurement. Since the CPP-meter doesn't rely on the rescattering effect, the required input intensity is essentially determined by the ionization potential of the target gas. The choice of a different, for instance metallic, target [34] , with a lower ionization potential could allow for adapting the method to much lower input intensities and possibly lead to applications in CEP measurements of non-amplified oscillator pulses.
